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ARTICLE INFO ABSTRACT

Keywords: Anaerobic digestion of multiple substrates can generate more biogas while remaining stable, if
Anaerobic Co-Digestion positive synergistic effects are achieved. The type of co-digested substrates and the mixing ratio
Biogas

used, are the most important variables as each substrate has unique set of characteristics.

Optimizing the volume ratios by testing various substrate mixing ratios is a popular method for
Biogas Potential determining the best-performing ratio of substrate mixture. The ternary mixture design has
Mixture Design reportedly been found to quicken the process of testing different mixing ratios with high accuracy
Response Surface Method without running several experiments. Therefore, a ternary mixture design and a response surface
approach are used in this work to ascertain the relationship between substrate mix and responses
(biogas yield, methane yield, and synergy). The findings of the experiment revealed that R9
comprising 78.8 % human excreta, 11.8 % food leftovers and 9.4 % kitchen residue, had the
highest methane production of 764.79 mLCH,4/gVS and a synergistic index of 3.26. Additionally,
the 3D response surface plots from the response surface model showed important and shared
interactions between Human Excreta, (HE), Food Leftovers (FLO), and Kitchen Residue (KR). HE
and KR had a similar positive synergistic effect on biogas yield, methane yield, and synergy,
which was not the case for FLO. The response surface plots showed that the predicted responses
(methane yield, biogas yield and synergy) increased with increasing HE and KR fractions and
decreased with increasing FLO fractions in the substrate mixtures.
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1. Introduction

Human excreta and food waste are considered to be readily available human-generated waste that could be used for the production
of biogas in households [1]. It is estimated that one-third of the world’s population, approximately 2.4 billion urban dwellers, rely on
onsite sanitation system installations such as public latrines and septic tanks [2]. In Ghana, about 58 % of the entire population rely on
cesspit and Kumasi Ventilated Improved Pit (KVIP) latrines [2]. Furthermore, Arthur et al. [3] has reported that 38.6 % of rural
dwellers in Ghana use flush and non-flush toilet facilities. Unfortunately, most of the liquid waste are disposed of untreated and
indiscriminately into drainage ditches and open urban spaces [4]. Very few human excrement treatment facilities are available to treat
the volumes of liquid waste generated, thus exacerbating the problem [5]. Also, several studies indicate that 55-80 % of municipal
solid waste from developing countries are generated from households [6]. In Ghana, 8389 tonnes (constituting about 66 % of total
household waste) of household organic wastes are reported to be generated per day in a study conducted by Miezah et al. [7].

Waste management, therefore, has become a major bottleneck for Ghana’s economy, considering the large volumes of solid and
liquid waste generated. The amount of waste produced in Ghana can most likely generate revenue for the government through
recycling and energy generation. However, the country spends vast amount of money on solid waste management [8]. In an effort to
address the problem of waste management, the government of Ghana put in place an Environmental Sanitation Policy in 1999 and
revised in September 2010. The policy focuses on the provision of sites by the district assemblies for treatment and disposal of wastes
(landfills, composting facilities, waste stabilization ponds, trickling filters, septage treatment plants, etc.) in order not to create health
hazards and aesthetic problems. However, the policy does not provide much information on waste to energy strategies. A review of the
environmental sanitation policy of Ghana have depicted a general reluctance by the district assemblies and the private sector to invest
directly in to waste infrastructure due to the lack of enforcement of national policies and the general lack of co-ordination in the
implementation of waste management programmes. The main focus of waste management has therefore been landfilling. Hence, it is
imperative that Ghana looks into environmentally sustainable and financially viable solutions.

Anaerobic digestion (AD) has been regarded as an appealing method for treating high-strength organic wastes and generating
bioenergy in the form of biogas, mostly CH4 and CO [9]. Over the years, decentralized AD treatment has been widely recognized as a
viable waste management strategy [10]. The idea of decentralized treatments was first focused on the separation of grey (from the sink,
shower, and laundry) and black (containing feaces and urine) water, which were subsequently treated and recycled on-site [11].
Currently, source-separable waste streams like food waste are included in decentralized treatments. According to Kyere et al. [10], a
decentralized treatment system that incorporates AD may offer a cheap supply of energy for on-site use.

Different feedstocks, influenced by the uniqueness of locations, can be used to generate biogas [12]. However, many of these
feedstocks cannot solely produce the desired biogas yield due to their physico-chemical characteristics [1]. As a result, multiple
feedstocks are co-digested to produce biogas with the characteristics of the feedstock used highly influencing the biogas yields [13].
Khoufi et al. [14] and Kafle et al. [15] state that anaerobic co-digestion can maintain process stability with a higher rate of biogas
production if substrates synergize. The two most important factors in this situation are the types of anaerobically co-digested feed-
stocks and the mixing ratios used [16]. The percentage of co-digested substrates that are mixed together affects the synergic activity of
anaerobic co-digestion, as different substrates have different properties [17,18].

Selecting a suitable co-substrate and at the right mixing ratio is thus critical to improve biogas production due to the presence of
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Fig. 1. Homogenized (a) human excreta (b) inoculum (c) food leftovers (d) kitchen residue.
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native trace elements or sufficient buffer capacity [19]. Hence, the mixture of different substrates is a strategy to increase the per-
formance of a digester in order to ensure an optimal feedstock composition and enhanced biogas production [20]. According to
Andriamanohiarisoamanana et al. [21] and Andriamanohiarisoamanana et al. [22], investigations using the same feedstock and the
same mixing ratio have reported conflicting results regarding synergic or antagonistic effects. It has been challenging to assess whether
or not a particular waste stream can have synergistic benefits when digested together and, more significantly, to establish the best
mixing ratios, due to these variances [23,24]. This phenomenon makes the setting or location where feedstocks are taken very
important. Consequently, Hagos et al. [25] suggested investigating local or indigenous feedstocks, such as food waste and human
excreta, due to the variation in composition across different settings.

The goal of the current study is therefore to examine the possibilities for using AD in the onsite treatment of human excreta (HE),
food leftovers (FLO), and kitchen residues (KR). A reference biochemical methane potential (BMP) test, which could ultimately reveal
methane yields of these wastes has been demonstrated in this study [26-30]. In addition, various mixing ratios are considered in order
to investigate the impact of various substrate properties and compositions on methanogenic performance. Also, the minimal effective
ratios of FLO and KR are determined in substrate mixture because there is competition for food waste to be used as animal feed [31].
The effect of mixing ratios on biogas yield, methane yield and synergy index are modelled and described using response surface plots.
Although the use of food waste for biogas production has been extensively studied [32], information on the use of the combination of
the different types of food waste described in this study and human excreta are not available. Also, this is a unique study, in that no data
has been reported on the optimum mixing ratios for the co-digestion of HE, FLO and KR using a mixture design in the Ghanaian context.
The results of this study will serve as a guide for the setup and operation of co-digestion systems for the on-site treatment of household
generated waste.

2. Materials and methods
2.1. Feedstock and inoculum collection and preparation

Fresh HE (Fig. 1 a) was collected from a Kumasi Ventilated-Improved Pit (KVIP) at Ayeduase, a suburb in Kumasi, Ghana. Fresh cow
dung was collected from the animal farm of the Department of Agriculture, KNUST. Anaerobically mono-digested cow dung (Fig. 1 b)
with a pH of 7.8 and alkalinity of 8150 mg CaCOs/L, was used as inoculum. The inoculum was degassed for two weeks under mes-
ophilic condition (30 °C) until no gas production prior to use. The total solids (TS) and volatile solids (VS) of the inoculum were 3.82 +
0.11 % and 79.10 + 1.27 %, respectively. FLO and KR were also collected from households of staff and the canteen of a Senior High
School in Kumasi, Ghana. FLO (Fig. 1 ¢) was mainly composed of milled rice, cassava, fufu, kenkey, yam, egg, fish, gari, beans, bread,
banku, kontomire (cocoyam leaves) and some vegetable sauce. These are very common foods eaten in most households in Ghana. KR
(Fig. 1 d), on the other hand, comprised of milled cassava peels, yam peels, cocoyam peels, plantain peels, lettuce residue, cucumber
residue, tomato residue, carrot residue, garden eggs residue, avocado peels, banana peels, mango peels, orange peels, pineapple peels,
onion peels, pawpaw peels and watermelon peels. FLO and KR were manually sorted to remove non-biodegradable fractions such as
polyethene bags before organic fractions were shredded into smaller pieces, blended and homogenized into a slurry to maintain a
particle size below 3 mm using a household food grinder and 3 mm sieve (Fig. 1). Samples were frozen at a temperature of —20 °C
before use. The frozen samples were allowed to thaw at a temperature of 4 °C and used within a day to prevent biological
decomposition.

Table 1
Experimental conditions for the BMP tests.
Ratio (HE: FLO:KR)? HE (g)b FLO (g)b KR (g)b Inoculum (g)b Cellulose (g)° C/N Ratio®
R1 (100:0:0) 75.00 0.00 0.00 233.00 0.00 11.79
R2 (0:100:0) 0.00 32.00 0.00 233.00 0.00 28.84
R3 (0:0:100) 0.00 0.00 84.00 233.00 0.00 20.36
R4 (0:50:50) 0.00 16.00 42.00 233.00 0.00 27.85
R5 (50:50:0) 37.00 16.00 0.00 233.00 0.00 15.45
R6 (50:0:50) 37.00 0.00 42.00 233.00 0.00 12.92
R7 (66.7:33.3:0) 50.00 11.00 0.00 233.00 0.00 11.89
R8 (66.7:0:33.3) 50.00 0.00 28.00 233.00 0.00 12.44
RO (78.8:11.8:9.4) 59.00 4.00 8.00 233.00 0.00 23.98
R10 (54.7:21.8:23.5) 41.00 7.10 20.00 233.00 0.00 22.53
R11 (32.1:25.2:42.7) 24.00 8.00 36.00 233.00 0.00 17.10
R12 (0:33.1:66.9) 0.00 11.00 56.00 233.00 0.00 13.51
R13 (33.3:66.7:0) 25.00 22.00 0.00 233.00 0.00 23.27
R14 (16.7:16.6:66.7) 12.00 5.00 56.00 233.00 0.00 26.27
R15 (33.4:33.3:33.3) 25.00 11.00 28.00 233.00 0.00 15.21
R16 (16.7:66.7:16.6) 12.00 22.00 14.00 233.00 0.00 23.63
Blank? 0.00 0.00 0.00 233.00 0.00 22.88
Positive Control® 0.00 0.00 0.00 233.00 7.00 21.89

a: VS basis, b: Wet — weight basis, c: Dry — weight basis, d: Only inoculum, e: Pure cellulose and inoculum.
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2.2. Analytical methods

The physical and chemical compositions of the feedstocks (HE, FLO, and KR) were evaluated before and after digestion by using
standard procedure [33]. The pH was analyzed using a digital Hanner H1 98,136 pH meter. The TS and VS were analyzed using APHA
methods 2540 B and APHA method 2540 E, respectively [33]. Total nitrogen was calculated following the Kjeldahl method [34], and
the total amount of sulfur was determined using the spectrophotometer method [35]. Hydrogen was determined using titrimetric
method [36] and organic carbon by Walkley-Black wet oxidation method [37,38]. The oxygen content was calculated as the positive
difference between 100 and the sum of C, H, N, S, and ash content (AC) [12]. The C/N ratios of the samples was calculated by dividing
the measured value of C and N [39]. Also, the alkalinity was determined according to the APHA method 2320 B using potentiometric
titration [33]. VFA was determined titrimetrically [40-42]. PerkinElmer’s NexION 2000 ICP-MS was used to detect the amounts of
nickel (Ni), molybdenum (Mo), zinc (Zn) and iron (Fe) in the feedstocks. All results are reported as the mean =+ standard deviation.

2.3. Formulation of substrate-mix using mixture design

A no-block, randomized ternary mixture experimental design with three variables, serving as mixture components, was adopted in
this study to formulate the substrate mix from HE, FLO and KR. Sixteen (16) substrate mixtures with different mixing ratios (VS basis)
of HE, FLO and KR were generated. The ‘Design Expert’ software version 13 (Stat-Ease, Minneapolis, MN, USA) was used to generate
the experimental matrix. The different mix ratios of HE, FLO and KR in the substrate mixtures (from 0 to 100 %) (Table 1) were used as
independent variables (input factors) to estimate the responses of biogas yield, methane yield and synergy. Equations (1) and (2) show
the relationship between the components of the mixture which also represent factors of the design.

0<HE,FLO,KR < 100 (Equation 1)

HE + FLO + KR = 100 (Equation 2)

For each of the runs (Ri), there were three bottles (triplicates) that were used. Rig, Rip and Ri., where “i” starts from 1 to 16 (Table 1).

2.4. Theoretical bio-methane potential (BMPry)

The empirical relationship between the components of the feedstocks were determined using a modified Buswell equation by Boyle
[43], as shown in Equation (3).

b ¢ 3d e a b ¢ 3d e a b ¢ 3d e
CAH;,OL.NdSe-i-(a _Z_§+T+§) x H,0 — (5_§+Z+§+Z) XC02+(5+§_1_§_Z> x CHy +d x NH; +e x H,S
(Equation 3)

The theoretical methane yield was estimated using Equation (4) [44-47].

Valves

Gas Tube
B Cork /

A

Human Excreta (HE)
Food Leftovers (FLO)
Kitchen Residue (KR)
Inoculum (Cow Dung)
Cellulose (PC)

Test Bottle

—

\ Gas Bag
H Incubator

N/

Fig. 2. Schematic diagram of BMP Setup.
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10+ ()-0- () 0] =

12a + b + 16¢ + 14d + 32e

(Equation 4)

2.5. Biochemical methane potential (BMP) test

BMP tests of the different mixtures were carried out in 500 mL bottles with a working capacity of 300 mL. The schematic diagram of
the BMP test is shown in Fig. 2.

An amount of 233 g of the inoculum and 7 g VS of a substrate combination were transferred into each bottle. A 1:1 inoculum to
substrate ratio (ISR) (VS basis) was adhered to Ref. [48]. In total, 18 BMP runs (sixteen runs with the substrate mixtures (Table 1), one
with the inoculum-only control and one run with a positive control of pure cellulose) were carried out in triplicates making 54 trials.
The BMP bottles were tightly sealed (Fig. 3), incubated at (30 °C), manually and gently shaken daily for 61 days. Biogas production and
composition were monitored on a daily basis. The generated biogas was collected in gas bags and measured through downward water
displacement technique using an inverted glass chamber of 1000 mL capacity [26]. The measured biogas was corrected to standard
conditions of 0 °C and 1 atm. Biogas composition was also determined with a portable Biogas 5000, Geotech UK) analyzer. VDI.4630
[49] assumes a substrate usage of 5 % during the fermentative stage and 3 % during the methanogenic stage, representing a total
microbial biomass utilization of 8 % over the entire process. In this study, 8 % was used for specific methane yield correction.

2.6. Biodegradability (BD)

The extent of anaerobic biodegradability, BD, was calculated by dividing experimental methane yield (BMPeyp) by the theoretical
methane potential (BMP,) according to Equation (5) [50].
BMP.,,,

BD(%) = P, 100 Equation (5)

2.7. Synergy

Synergy index (SI) was determined as the ratio of methane yield of the co-digestion substrates (M ; ,) to the weighted average based
upon VS content (%VS) of the methane yield of individual substrate (M, ;). This was calculated according to Equation (6) [51,52].

Fig. 3. Setup design for batch experiment.
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Min Min :
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where subscripts ‘i’ through ‘n’ denote the co-digested substrates and ) ;'%VS; = 1. An SI greater than one (>1) implies a synergistic
impact, while an SI less than one (<1) indicates an antagonistic effect.

2.8. Response surface method (RSM) modelling

A sequential process of experimental data collection, polynomial equation construction, and model suitability assessment was used
for RSM modelling. This was done through multiple regression analysis in order to assess the relationship between mixture components
and the responses of biogas yield, methane yield and synergy. Increasing polynomials were fitted to the experimental data to model the
response surfaces [53]. Anova and performance assessment results for the modelling, parity as well as 3D response surface plots were
generated to show the effect of the interaction between input variables and the responses.

2.9. Statistical analysis

Samples were analyzed in triplicates and the results reported as the mean value + standard deviation (SD). One-way analysis of
variance (ANOVA) was then used to test the statistical significance of different digesters. Also, Tukey’s honestly significant difference
(HSD) test was used for the pairwise comparison of the mean biomethane composition obtained during co-digestion using Minitab v.19
software. (p < 0.05) was used as threshold for statistical significance.

3. Results and discussion
3.1. Feedstock characteristics

Table 2 provides information on the properties of the feedstocks (HE, FLO, and KR) employed in this study. The TS concentrations
for HE, FLO, and KR were 11.34 + 0.14, 25.80 + 0.32 and 9.44 + 0.00 %, respectively, while the VS contents were 82.81 + 0.84, 83.99
+0.61 and 88.10 + 0.37 %, respectively. These values are similar to what is reported by Appiagyei Osei-Owusu et al. [1]. According to
Capson-Tojo et al. [54] and Li et al. [55], feedstocks with high VS and VS/TS values (Table 2) may contain organic materials that are
highly biodegradable. KR, such as leftover fruits and vegetables, has a high moisture content, contributing to the low TS of KR. Neves
et al. [56] have reported that majority of fruit and vegetable wastes contain high levels of volatile solids and easily biodegradable
organic matter, but they lack total solids. In most cases, they hydrolyze quickly, producing acids that decrease the pH and limit the
growth of methanogens [57]. While the pH values of FLO (5.0 & 0.1) and KR (5.3 + 0.1) were in the acidic range, that of HE (7.1 4 0.1)
was almost neutral. The presence of carbohydrates-containing food components, which can be converted to monosaccharides and then
volatile fatty acids (VFAs) during the AD process, may be the reason for the low pH and buffer capacity of FLO and KR that was
observed [58].

The C/N ratios of HE, FLO and KR, respectively, were 8.36 + 0.01, 32.59 + 0.13 and 29.34 + 0.44 based on the elemental
compositions. The AD process is often more stable at a C/N ratio of 20-30, with most of the carbon content being easily degradable
[59-61]. HE in this study has a low C/N ratio, consistent with the 12.0 reported by Singh et al. [62]. However, the C/N ratios of FLO
and KR are within the 20 to 30 range that Scherer et al. [44] proposed for anaerobic digestion. In order to improve the AD process,
feedstocks with low C/N ratios should be combined with feedstocks with high C/N ratios for better anaerobic digestion performance
[63].

3.2. Daily and cumulative methane yields of anaerobic digestion studies

Methane yield profiles varied between the 16-substrate mixing ratios. These variations were more pronounced throughout the
study, especially during the first two weeks of incubation (Fig. 4). This was unsurprising as there were different combinations of

Table 2

Physicochemical Characteristics of Substrates [n = 3; mean (standard deviation)].
Parameter HE FLO KR
TS (%) 11.34 (0.14) 25.80 (0.32) 9.44 (0.00)
VS (% TS) 82.81 (0.84) 83.99 (0.61) 88.10 (0.37)
VS/TS 0.83 (0.001) 0.84 (0.001) 0.88 (0.001)
pH 7.1 (0.1) 5.0 (0.1) 5.3(0.1)
C (%) 61.22 (0.02) 41.16 (0.01) 38.10 (0.01)
N (%) 7.32 (0.02) 1.26 (0.01) 1.30 (0.02)
H (%) 9.02 (0.02) 9.52 (0.01) 8.52 (0.01)
O (%) 12.25 (0.01) 45.66 (0.01) 43.72 (0.01)
S (%) 0.200 (0.00) 0.135 (0.00) 0.031 (0.00)
C/N 8.36 (0.01) 32.59 (0.13) 29.34 (0.44)
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Fig. 4. Effects of different mixing ratios on daily methane yields: (a) monodigestion, (b) co-digestion, and (c) tri-digestion (mean + S. D; n = 3) 90
% of measurements have RSD of less than 5 %.

feedstocks in the bottles. Generally, the daily methane yield increased to a peak and then drastically decreased in the first ten to fifteen
days in all the mono digestion tests (Fig. 4a) [44]. The co-digestion and tri-digestion experiments also revealed a consistent pattern in
the daily methane output, which peaked at high levels before gradually declining from days 30-35 to essentially no methane pro-
duction (Fig. 4b and c). Fig. 4 displays the daily methane yield from the studies of the mono, co-, and tri-digestion AD tests. On the first
day, the daily methane production ranged from 6.39 to 59.16 mL CHy4/gVS, demonstrating a rapid startup of the process. HE, FLO, and
KR contained substantial amounts of components such as carbohydrates that were simple to digest and their conversion could happen
extremely quickly. Fig. 4a demonstrates that on day 3, following the first peak, the biogas yield in the mono-digestion of FLO and KR
significantly dropped. This was most likely caused by a drop in system pH brought on by the conversion of organic matter in the FLO
and KR to VFA, whose build-up might have prevented biogas synthesis [64]. As illustrated in Fig. 4b, the co-digestion of HE: FLO (R5,
R7, R13) and HE: KR (R6, R8) similarly showed possible minor acidification with a decrease in biogas on days 3 and 4. However, the
acidification of the co-digestion test was relatively mitigated compared with the mono-digestion of individual feedstock because of the
alkalinity levels (3437.50-5975.00 mg CaCO3/L) of all treatments and the buffer capacity from HE. In contrast, negligible acidification
was observed in the tri-digestion tests (Fig. 4c).

Although R5, R7, R8, R9, and R10, hydrolyzed quickly, the process was remarkably steady compared to the other mix ratios with
less or no HE (Fig. 4). This was evident by comparing the initial and final alkalinity (4537.00-6587.50 mg CaCOs/L and
1362.50-2987.50 mg CaCO3/L, respectively), initial and final pH (7.1-7.9 and 6.1-6.6, respectively) and initial and final VFA con-
centrations (2309.79-3555.38 mg/L and 1082.33-1680.94 mg/L, respectively) as shown in Table 3. Additionally, the daily methane
productions from the HE-added reactors R5, R7, R8, R9, and R10 were higher than those from reactors (R2, R4 and R12) without HE
over the first seven days (Fig. 4b and c). Independent of the mixing ratios, the peak values of R5, R7, R8, R9, and R10 were observed
earlier. This held true, in particular, for feedstocks containing 50 % or more HE (R5, R7, R8, R9 and R10, Fig. 4b and c). The use of
readily biodegradable materials such as carbohydrates from FLO and KR may be the reason why the peak values of daily methane
production from the HE-added reactors (R5, R7, R8, R9 and R10) were observed to experience a gradual reduction, while reactors with
no HE (R2, R4, R12) sharply declined after the first few days. As seen in Fig. 4, R9 recorded the highest daily methane production of all
the reactors, peaking at 59.51 mLCH4/gVS whereas R5, R7, R8 and R10 peaked at 36.78, 52.33, 57.25 and 55.71 mLCHy4/gV$S
respectively. Further, the reactors with high HE ratios produced more methane daily. This finding suggests that increasing the amount
of HE to FLO and KR is advantageous for increasing methane generation, probably because of the sufficient alkalinity and nearly
neutral pH of HE. Additionally, this could also be associated with the presence of native nutrients or trace elements in HE [65].

The cumulative methane yields from the mono-digestion of HE (R1), FLO (R2), KR (R3), and cellulose (positive control, PC) are
253.89, 135.27, 198.86, and 435.36 mLCH4/gVS, respectively, as shown in Fig. 5 a. Also, the cumulative methane yields from the co-
digestion and tri-digestion tests are shown (Fig. 5 b and ¢, Table 3). It was discovered that the mono-digestion tests for FLO and KR
produced less methane than the mixed groups. This might be due to the high levels of VFA buildup [66] in FLO and KR (R2:4141.89
mg/L and R3:3543.28 mg/L, respectively) as well as the lower levels of alkalinity in FLO (R2:1775.0 mg CaCO3/L) and KR (R3:1900.0



Table 3

Biogas and Methane Yields, VFA, pH, Alkalinity, Biodegradability and VS Reduction for different mix ratios of HE, FLO and KR in AD Tests.
5 = 2 g & & & & ® g2 g 3 & g T =2 g8 3
g =1 =1 e > e =1 =1 £
g 3
£
Specific biogas yield (mL/g VS added) 453.37 375.76 473.47 254.61 802.59 527.82 78297 887.27 1167.62 881.33 322.75 611.12 482.27 990.54 417.56 632.94 762.45
Methane Content (%) 56.00 36.00 42.00 40.00 67.90 59.90 63.20 64.60 65.50 67.60 48.50 42.70 56.70 53.10 59.00 46.00 57.10
Specific methane yield (mL/g VS added) 253.89 135.27 198.86 101.84 54496 316.16 494.83 573.18 764.79 595.78 157.50 260.95 273.45 52598 246.36 291.15 435.36
Specific methane yield correction with 8 % 274.20 146.09 214.77 109.99 588.56 341.45 534.42 619.03 825.97 643.44 170.10 281.83 295.33 568.06 266.07 314.44 470.19
Theoretical methane potential (mL/g VS 461.12 833.60 745.18 727.27 657.61 586.04 602.69 64259 851.83 689.99 609.60 646.77 565.84 659.05 773.17 77499 551.35

added)

Biodegradability (%) 55.06 16.23 26.69 14.00 82.87 53.95 82.10 89.19 89.78 86.18 25.84 40.35 48.33 79.81 31.86 37.57 78.96
Corrected Biodegradability (%) 59.46 17.53 28.82 15.12 89.57 58.26 88.67 96.10 96.91 93.25 27.90 43.57 52.19 86.19 34.41 40.57 85.28
VS reduction (%) 47.81 41.79 46.94 36.71 60.72 50.69 59.68 62.67 67.62 63.49 38.43 51.76 47.19 66.79 43.75 53.08 57.99
Initial pH 7.1 6.3 6.1 6.0 7.1 7.3 7.4 7.5 7.9 7.4 6.7 6.7 6.6 6.8 6.7 7.0 7.3
Final pH 6.3 5.0 5.3 4.9 6.1 6.2 6.6 6.2 6.1 6.3 5.4 6.3 6.0 6.3 5.2 5.6 6.7
Initial Alkalinity (mg/L) 7432.50 2662.50 2525.00 1712.50 4537.50 5537.50 5887.50 5975.00 6587.50 6412.50 1512.50 1925.00 3437.50 3850.00 3537.50 1687.50 3512.50
Final Alkalinity (mg/L) 3950.00 1775.00 1900.00 1287.50 1362.50 2087.50 2825.00 2987.50 2700.00 1725.00 1275.00 1637.50 1437.50 1112.50 1625.00 1562.50 3100.00
Initial VFA (mg/L) 3652.12 4141.89 3543.28 3549.33 2956.77 1711.18 3507.00 3555.38 2890.25 2309.79 3537.24 3017.23 2920.49 3597.70 4147.94 4153.99 1747.46
Final VFA (mg/L) 2866.07 3567.47 2962.81 3005.14 1668.85 1064.19 1680.94 1674.90 1481.41 1082.33 2309.79 2932.58 1711.18 1106.52 3500.96 2902.35 1124.66
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Fig. 5. Effects of different mixing ratios on cumulative methane yields: (a) monodigestion, (b) co-digestion, and (c) tri-digestion (mean + S. D; n =
3) 90 % of measurements have RSD of less than 5 %.

mg CaCO3/L) (Table .3). Filer et al. [26] recommends that alkalinity be kept at 3000 mgCaCO3/L to maximize methane yield. As in the
case of the daily yields, the substrate mixtures with HE percentages of 50 % or higher (R5 = 544.96 mLCH,4/gVS, R7 = 494.84, R8 =
573.18 mLCHy4/gVS, R9 = 764.79 mLCH,4/gVS, R10 = 595.78 mLCH4/gVS) had higher cumulative methane production. The highest
cumulative methane production was 764.79 mL CH,4/gVS, corresponding to the tri-digestion R9 of HE:FLO:KR (78.8:11.8:9.4), fol-
lowed by R10 (595.78 mLCH4/gVS), which were all having a greater amount of HE (>50 %). The cumulative methane output of R9
was 66.80 % higher than that obtained for the mono-digestion of HE (R1). This was presumably due to the fact that there were varieties
of substrates available, which provided the different useful microbial population with enough native nutrients to promote the
breakdown of substrates and increase biogas generation [67].

In comparison with the mono-digestion tests, the results demonstrated that the multiple substrates digestion (R9, R10, R14 and
R15) had a superior capacity for buffering (alkalinity range of 3537.50-6587.50 mg CaCO3/L) and was relatively stable for the
production of biogas. Conversely, the rapid build-up of intermediates like VFAs with consequently low buffer capacity, may have
caused the low methane levels of the mono-digestion test [68]. Singh et al. [62] reported increased daily biogas output for the
co-digestion of human excreta, cow dung, and poultry litter as opposed to mono-digestion, further demonstrating the more reliable
performance of the mixed feedstock digestion system. Despite variations in the rate of methane production and yield between all BMP
operations, methane was produced continuously without any lag phase. This could be explained by the high percentage of inoculation
(40 %) used in the BMP testing, which might have offered a significant number of active bacteria and a supply of nutrients for microbial
development. Additionally, the biodegradable organic content of the substrate mixtures had a significant role in determining the
effectiveness of co-digestion. For each of the tests (R1-R16), the mean values of methane content were reported (Table 3). A one-way
ANOVA with a p-value of p < 0.001 revealed a statistically significant difference between the methane production from the tests
(R1-R16). Therefore, different mixing ratios have different methane yields.

3.3. Effects of VS reduction, CN ratio, pH, alkalinity and VFA on methane yields

The initial and final VS contents for the mono-, co-, and tri-digested substrates revealed an overall decreasing tendency for all mix
ratios. Table 3 displays the VS reduction values for all treatments from R1 to R16. The VS reduction trend was connected with the
generation of methane. In this study, HE had a very low C/N ratio compared to FLO and KR. Similarly, Singh et al. [62] reports of lower
C/N ratio for HE. Combining HE with carbon-rich organic wastes like FLO and KR improves nutrient balance and the C/N ratio [62].
Tri-digestion of R9 exhibited the highest biogas and methane yields, followed by R10 (Table 3). This can be partly traced to the C/N
ratios of R9 (23.9) and R10 (22.5). Generally, a C/N ratio of 20-30 gives a more stable anaerobic digestion process [18,59,60]. It was
found that co- and tri-digestion could maintain C/N ratios at ideal values due to the mixture of various substrates, which enhanced
biogas production (Table 1). Combining HE with FLO and KR helped achieve the optimal C/N ratio, thereby improving digestion. A
considerable amount of biogas and methane was also produced in the co-digestion treatments R5, containing high amounts of HE, even
at the low C/N ratio of 15.45. This could be because HE is nutrient-rich and contains adequate amounts of native trace elements like Fe,
Ni, Zn and Co essential for the growth of anaerobic bacteria [69].



B.A. Osei-Owusu et al. Heliyon 10 (2024) 24080

On the other hand, low pH and buffer capacities were observed for FLO and KW. Li et al. [55] has reported a similar trend. Hence,
mono-digestion of FLO and KR is not always desirable. Co-digestion of these substrates at certain optimum proportions may improve
methane production performance. The initial and final pH and alkalinity values for all treatments are summarized in Table 3. Mixing
feedstocks raised the pH of the mixtures containing FLO and KR relative to their individual pH values. This could be observed from
Table 3 where combinations of FLO and KR with higher proportions of HE had high pH values at the start of digestion and vice versa.
The initial pH values of R5, R7, R8, R9 and R10 were within the range of 7.1-7.9, while the pH values after digestion were within the
range of 6.1-6.6 (Table 3). Hence, the observed pHs of the digesters (R5, R7, R8, R9 and R10) were within the acceptable range for
anaerobic digestion [70]. In addition, the initial and final alkalinity of R5, R7, R8, R9 and R10 were within the ranges of
4537.5-6587.5 mg/L and 1362.5-2987.5 mg/L respectively. Due to the optimal pH values and the strong alkalinity providing a very
good buffer for the bottles R5, R7, R8, R9 and R10, biogas and methane production were stable [44,71], obtaining a biodegradability
range of 82.1-89.8 % (Table 3). On the other hand, treatments R2, R3, R4, R11 and R16 with very low initial alkalinity in the range of
1512.5-2662.5 mg/L and final pH in the range of 4.9-5.6, had very low biogas and methane yields and hence very low biodegrad-
ability values as expected (Table 3). This observation is consistent with the information in Table 3 and could be explained by the
buildup of VFAs from the conversion of readily biodegradable components in the digestive media. Conversely, treatments with 50 % or
more HE added like R9 and R10 were observed to ensure a stable AD system stability due to the low initial and final VFA values ranging
between 2309.8 and 3555.4 mg/L and 1082.3-1680.9 mg/L respectively and this finding might provide an explanation for the best
biogas yield, methane yield and biodegradability data recorded (Table 3). The VFA/Alkalinity ratios of 0.43 and 0.35 for R9 and R10
respectively is a confirmation of how stable the anaerobic digestion process was. According to Feng et al. [72], a VFA/Alkalinity ratio
of 0.4 indicates stability of anaerobic digestion process.

3.4. Effect of native trace elements in substrate mixtures on methane yield

Trace elements that are often present in human-generated waste, such as iron (Fe), nickel (Ni), zinc (Zn) and molybdenum (Mo) [1],
were studied to investigate their effect on methane yields of the different mixtures (R1-R16). All treatments contained Fe, Ni, Zn and
Mo concentrations in the range 1.7150-8.5298, 0.0017-0.0530, 0.1552-0.5541 and 0.0067-0.0700 mg/L respectively (Table 4). Fe
had all treatments outside the stimulatory concentration of <0.3 [73], with the highest and lowest concentrations for R16 (8.53 mg/L)
and R3 (1.72 mg/L), respectively. Also, with stimulatory concentrations of 0.03 < Zn < 2 and 0.03 < Ni < 27 for Zn and Ni
respectively, all treatments were within the stimulatory range [74,75]. The treatments with the highest Zn concentrations were R9
(0.554 mg/L) and R10 (0.414 mg/L), while the least concentrations were found in R1 (0.211 mg/L), R2 (0.200 mg/L) and R3 (0.210
mg/L) respectively (Fig. 6). Considering the important role of Zn for activating and maintaining enzyme activities of anaerobic mi-
croorganisms [76,77], they were possibly insufficient for stable and mono-digestion tests R1, R2 and R3.

It is therefore recommended that the concentrations of essential trace elements be properly adjusted by mixing HE, FLO and KR.
Contrarily, R9 and R10 with the highest methane yields, were found to contain the highest concentrations of Zn. These results confirm
the positive influence of Zn on enzymes such as coenzyme M. methyltransferase, involved in methanogenesis [78]. Similarly, optimum
concentrations of Ni in R5 (0.043 mg/L), R7 (0.033 mg/L), R8 (0.027 mg/L), R9 (0.053 mg/L) and R10 (0.022 mg/L) significantly
increased their methane yields (Fig. 7). Arthur et al. [78] reported an increase in the number of methanogens present in reactors
containing nickel. The author also documented that nickel concentration of less than 0.1 mg/L improved the stability of the anaerobic
digestion process because intermediary products were readily digested by methanogens [78]. Further, Schmidt et al. [79] reported a
rapid accumulation of VFAs when Ni was depleted. The trace elements in bottles R7, R8 R9 and R10 with high methane yields are in the
order Fe > Zn > Ni > Mo. Fermoso et al. [80] illustrated the fundamental role of these micro nutrients by demonstrating their in-
teractions with microbe cells.

Overall, the elements in methanogens cells were in the following order Fe > Zn > Ni > Cu=Co=—Mo > Mn. Also, Schonheit et al.

Table 4

Concentration of native trace elements in substrate mix.
Treatment Mo (mg/L) Zn (mg/L) Fe (mg/L) Ni (mg/L)
R1 0.0171 0.2108 2.8353 0.0029
R2 0.0144 0.1995 1.9148 0.0017
R3 0.0117 0.2074 1.7150 0.0025
R4 0.0127 0.2637 2.9204 0.0051
R5 0.0675 0.3080 4.3026 0.0427
R6 0.0085 0.2121 2.9789 0.0138
R7 0.0700 0.2547 3.3521 0.0326
R8 0.0124 0.3011 3.7329 0.0374
R9 0.0072 0.5541 3.8201 0.0530
R10 0.0083 0.4141 2.9879 0.0431
R11 0.0100 0.2155 7.6721 0.0050
R12 0.0077 0.2552 4.0839 0.0092
R13 0.0070 0.2309 2.5650 0.0032
R14 0.0067 0.2348 2.5491 0.0358
R15 0.0085 0.3010 3.0142 0.0018
R16 0.0103 0.2285 8.5298 0.0034
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[81] discovered that Methanobacterium thermoautotrophicum grew in response to trace elements of Fe > Ni > Co—Mo. As mentioned
above, the trace elements supplied from the mixtures seemed to increase the process stability of anaerobic co- and tri-digestions.
However, due to factors like C/N ratio, pH and alkalinity values of the individual co- and tri-digestion tests, some process upsets
were observed in some treatments like R6 and R15 as indicated by VFA accumulation even though they had sufficient amounts of Zn
and Ni.

3.5. Synergistic effects of Co- and tri-digestion tests

Fig. 8 compares the synergy index (SI) for multiple substrate digestion of HE, FLO and KR among the BMP runs. Also, the SI values
for the co- and tri-digestion runs (Runs 4-16) ranging from 0.61 to 3.26 can be used to access how.

The individual mixtures affect the amount of methane generated. R5, R6, R7, R8, R9, R10, R12, R13, R14, R15,16 with SI values in
the range 1.26-3.26 depicted stronger positive synergic effects. Additionally, R9 showed the highest SI value (3.26). The co- and tri-
digestion runs containing an appropriate mix of FLO, and KR tended to produce more

Methane with higher HE percentages. The properties and ratios of the AD mixtures may have a bearing on the synergistic impact.
These factors might have balanced the nutrients, promote microbial proliferation, boost buffer capacity, and dilute toxic substances
during digestion. Wang et al. [82] have shown that the synergistic impact is caused by the addition of beneficial nutrients, which can
improve biodegradability and enhance the metabolism of microorganisms. It can also be observed from Fig. 9 that bottles (R5, R6, R7,
R8, R9 and R10) with initial alkalinity values of over 4500 mg/L and final alkalinity of about 2000 mg/L and above showed a positive
synergistic effect. Conversely, R4 and R11 with initial alkalinity values around 2000 mg/L and final alkalinity around a 1000 mg/L
exhibited an antagonistic effect with SI values of 0.61 and 0.78, respectively (Fig. 9). This is because R4 and R11 contained no or less
amounts of HE. Also, the high amounts of KR (mainly composed of lignin-containing feed stock.

Like plantain peels, cassava peels, cocoyam peels and yam peels) in R4 and R11 might have led to the negative synergistic effects.
Kim et al. [9], in their study of food waste, human feaces and toilet tissue, reported no obvious positive or negative synergic effects with
reported SI values of 0.939-1.05. However, Ebner et al. [52] reported an SI value of 0.68 for the co-digestion of food waste and dairy
manure, indicating a clear antagonistic effect. Conversely, Hou et al. [51] reported significantly positive synergic effects (1.03-1.24)
for food waste, rice straw and bran.

3.6. Modelling of responses
Analysis of the experimental data revealed that quartic models [83] shown in Equations (7)-(9) were suitable for expressing biogas

yield, methane yield and synergy as a function of the mixture components (Human Excreta-A, Food Leftovers-B and Kitchen
Residue-C). The validity of the models was checked by plots of the model predicted values against the experimental (actual) values as
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Fig. 10. Parity plots of experimental and predicted (a)biogas yield, (b) methane yield and (c) synergy as a function of the mixture components.

shown in Fig. 10. The plot of biogas yield (Fig. 10a) showed that the slope line passes exactly through all points while the plots of
methane yield (Fig. 10b) and synergy (Fig. 10c) passes approximately through the data points. The relative similarity between the
experimental observations and the model predictions indicates the validity, precision and good predictive capacity of the RSM model.

Biogas Yield =452.73A + 375.54B + 474.13C + 1587.49AB + 264.52AC — 680.02BC + 7387.14ABC + 1842.66AB(A — B)
— 1139.33AC(A — C) + 10187.44A°BC — 44978.31ABC* — 5628.27AB(A — B)* + 18180.83AC(A — C)* + 12644.33BC(B — C)*
Equation (7)
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Table 5

ANOVA results for the RSM models of biogas yield, methane yield and synergy.
Parameter Biogas Yield Methane Yield Synergy
Source Sum of Squares df Mean F-value p-value Sum of Squares df Mean F-value p-value Sum of Squares df Mean F-value p-value
Model 1.03E6 13 79583.31 431.81 0.00231 5.75E5 11 52259.87 81.14 0.00035 10.36 11 0.94 42.34 0.00126
Linear Mixture 218,353.15 2 109176.58 592.38 0.00169 203884.21 2 101942.11 158.27 0.00016 2.16 2 1.08 48.67 0.00156
AB 122,998.06 1 122998.06 667.38 0.00150 96561.44 1 96561.44 149.92 0.00026 2.57 1 2.57 115.53 0.00042
AC 3020.38 1 3020.38 16.39 0.05595 5180.83 1 5180.83 8.04 0.04705 0.08 1 0.08 3.81 0.12257
BC 20,604.35 1 20604.35 111.80 0.00883 4860.01 1 4860.01 7.55 0.05154 0.18 1 0.18 8.01 0.04735
ABC 1935.39 1 1935.39 10.50 0.08348 NA
AB(A-B) 34,244.95 1 34244.95 185.81 0.00534 15820.60 1 15820.60 24.56 0.00773 0.27 1 0.27 12.29 0.02478
AC(A-C) 2193.77 1 2193.77 11.90 0.07472 NA
A%BC 1879.83 1 1879.83 10.20 0.08564 17402.08 1 17402.08 27.02 0.00653 0.42 1 0.42 18.95 0.01213
ABC? 17178.31 1 17178.31 93.21 0.01056 47077.28 1 47077.28 73.09 0.00103 1.05 1 1.05 47.29 0.00234
AB(A-B)? 23297.21 1 23297.21 126.41 0.00782 17484.53 1 17484.53 27.15 0.00647 0.54 1 0.54 24.19 0.00794
AC(A-C)2 121,489.29 1 121489.29 659.19 0.00151 133044.11 1 133044.11 206.56 0.00014 2.66 1 2.66 119.72 0.00040
BC(B-C)? 76420.15 1 76420.15 414.65 0.00240 37525.29 1 37525.29 58.26 0.00158 1.25 1 1.25 56.31 0.00169
Residual 368.60 2 184.30 2576.37 4 644.09 0.09 4 0.02
Cor Total 1.04E6 15 5.77E5 15 10.45 15
CV (%) 2.16 7.0817 8.4991
Mean 629.00 358.3755 1.7546
SD 13.58 25.3790 0.1491
AP 72.31 30.7516 21.1644
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Methane Yield =250.47A + 138.25B + 196.17C + 1363.05AB + 318.22AC — 320.97BC + 1178.90ABAB(A — B) + 13479.784’BC

— 22626.90ABC? — 4195.21AB(A — B)2 + 11530.094AC(A — C)2 +7085.93BC(B — C)2
Equation (8)

Synergy =0.97A + 1.02B + 0.99C + 7.03AB + 1.29AC — 1.94BC + 4.90AB(A — B) + 66.34A’BC — 106.95ABC* — 23.27AB(A — B)’
+51.58AC(A — C)* +40.93BC(B — C)°
Equation (9)

The statistical significance of the RSM model was assessed by carrying out ANOVA, with results shown in Table 5. Model terms with
p-values less than 5 % (0.05) are significant, while the reverse is also the case [83]. In this context, the biogas yield, methane yield and
synergy models with p-values of 0.0023, 0.0004 and 0.0013, respectively, were significant (good in predicting the output responses) as
they were characterized by p-values significantly less than 0.05. Also, the model F-values of 431.81, 81.14 and 42.34 for biogas yield,
methane yield and synergy, respectively, showed that the model is significant implying that there is only a 0.23, 0.04 and 0.13 %
chance that F-values this large could occur due to noise (Table 5). Hence the model is very good at predicting the responses.

Further, the Adequate Precision (AP) values of 72.31,30.75 and 21.16 for biogas yield, methane yield and synergy, respectively,
indicate an adequate signal and the ability of the model to be used to navigate the design space (Table 5). This is because the measure of
the signal-to-noise ratio is desirable when greater than 4 [84,85]. In addition, the linear terms representing the amount of HE (A), FLO
(B) and KR (C) were all significant, indicating that varying the amount of feedstocks mixture components will have a significant in-
fluence on biogas yield (0.00169), methane yield (0.00016) and synergy (0.00156). There is therefore the need to test different
amounts of household-generated waste in order to find the best ratios for a stable household biogas generation process.

However, the terms representing the interaction between HE and KR (AC and AC (A-C)) as well as HE, FLO and KR (ABC and A%BC)
in the biogas yield and synergy models were not significant. These terms were nonetheless, retained in the model to maintain model
hierarchy (Table 5). The biogas yield, methane yield and synergy predicted by the RSM model were respectively characterized by small
magnitudes of standard deviation (13.58, 25.38, and 0.15) compared to the mean value of 629.00, 358.38 and 1.75, indicating
minimal dispersion of the data sets (Table 5). This was confirmed by the coefficient of variation, CV, values of 2.16, 7.08 and 8.50 %,
respectively, for biogas yield, methane yield, and synergy. These CV values were low enough to indicate the precision and reliability of
the data (Table 5).

RSM performance assessment for the biogas yield, methane yield, and synergy models was carried out using standard statistical
metrics, as shown in Table 6. A good model is one that gives an R?, adjusted R? and or predicted R? values approaching unity.

Le Man et al. [86] documented that a model is only adequate when R? values are not less than 0.75. Nonetheless, Koocheki et al.
[87] stated that a high R? value does not necessarily imply a good regression model until there are similarly high values of adjusted R2.
Therefore, high R? and adjusted R? values can both be used to explain how adequate a model is to predict within the range of
experimental values. That notwithstanding, the difference between R? and adjusted R? should not be more than 10 % [88]. The re-
ported R? values in this study indicate that the quartic model was very accurate in predicting the biogas yield (0.999), methane yield
(0.996), and synergy (0.992) as shown in Table 6. Although all models showed good predictive performance, as seen in their high R?
values, the biogas yield model was relatively better in its prediction because it had the highest R? (0.999) value and a low error value
(RMSE of 4.798). This was corroborated by the results in the parity plots presented in Fig. 10 where the predictions were closer to the
experimental data. Furthermore, the difference between the R? values and the adjusted R? values for biogas yield, methane yield and
synergy were not more than 10 %. Also, the low RMSE and the MSE values for biogas yield and synergy show that the model is able to
forecast values accurately (Table 6) and this can be attributed to the closeness of the error values to zero which further shows how close
the experimental values are to the predicted values.

3.7. Response surface plots

The 3D and 2D response surface plots shown in Figs. 11-13 illustrate the influence of the mixture of feedstocks on biogas yield,
methane yield, and synergy respectively. The 3D plots were characterized by different levels of curvature, which corroborates the
relationship between substrate mix and biogas yield, methane yield, and synergy and mixture components. The shape of the plot shows
that there were notable and shared interactions between HE (A), FLO (B), and KR(C). Both HE and KR had a similar positive synergistic
effect on biogas yield, methane yield, and synergy, which was not comparable with that of FLO (Figs. 11-13).

This can also be seen from the coefficients of A and C in the regression model (Equations 16 and 17), i.e., 452.73 and 474.13, as well
as 250.47 and 196.17 respectively, for biogas yield and methane yield compared to 375.54 and 138.25 for B. Contextually, increasing
the levels of HE and KR in the substrate mix would increase biogas yield, methane yield, and synergy. This observation could be
attributed to the fact that HE and KR are rich in nutrients needed for microbial growth, complement each other in buffering the system,
and have an optimum C/N ratio. The impact of FLO was not significantly seen. Although FLO could have provided a good carbon
source, its insufficient buffer due to low alkalinity levels and its ability to easily degrade and lead to VFA accumulation, pH reduction,
and process instability might have led to its less influence. In general, the response surface plots show that the predicted response
increases with an increasing HE and KR fractions and decreases with an increasing FLO fraction in the substrate mixtures (Figs. 11-13).
This is because the maximum and minimum model outputs were found at the HE-KR and FLO vertices, respectively. This result shows
that biogas yield, methane yield, and synergy were more significantly

Affected by the interaction between HE and KR than between FLO and HE and between FLO and KR. Similar observations were
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Table 6

RSM performance assessment for biogas yield, methane yield, and synergy.
Parameter Biogas Yield Methane Yield Synergy
R? 0.999 0.996 0.992
Adjusted R? 0.997 0.983 0.9681
RMSE 4.798 12.690 0.075
MSE 23.020 161.046 0.006
MAE 3.677 10.559 0.061
MAPE (%) 0.661 4.411 4.774

A: Human Excreta (%)

Biogas Yield (ml/gVS)

100 0 100
B: Food Leftover (%) C: Kitchen Residue (%)

Biogas Yield (ml/gVSs)

B (100) A(0) C (100)

Fig. 11. (a) Three-dimensional and (b)Two-dimensional response surface plots depicting the effect of the substrate mixing ratio on biogas yield.
Contour colors represent the levels of model response: blue for low and red for high responses.

A: Human Excreta (%)

Methane Yield (ml CH4 /gVs)

100 0 100

—— B: Food Leftover (%) C: Kitchen Residue (%)
B (100) A(0) C(100) Methane Yield (ml CH4 /gVs)

Fig. 12. (a) Three-dimensional and (b)Two-dimensional response surface plots depicting the effect of the substrate mixing ratio on methane yield.
Contour colors represent the levels of model response: blue for low and red for high respon

reported by Baek et al. [53], who used a substrate mix of food waste, cattle manure, and pig manure to produce biomethane. The study
reported increased methane yield and synergy when food waste and cattle manure was increased but low when pig manure was
increased.
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A: Human Excreta (%)
100

Synergy

100 0 100

B (100) A(0) C(100)  g: Food Leftover (%) C: Kitchen Residue (%)

Synergy

Fig. 13. (a) Three-dimensional and (b)Two-dimensional response surface plots depicting the effect of the substrate mixing ratio on synergy yield.
Contour colors represent the levels of model response: blue for low and red for high responses.

4. Conclusions

Ternary substrate mixtures of HE, FLO, and KR formulated for the batch experiment showed that substrate mix R9 (78.8:11.8:9.4)
produced the highest amount of methane. R9 (78.8:11.8:9.4) also showed the strongest synergistic effect. The experimental results for
the substrate mixtures were used to model the responses of biogas yield, methane yield, and synergistic effects using RSM. The results
showed that biogas yield, methane yield, and synergy are significantly influenced by the composition and interactions of feedstock
mixtures. Thus, co-digesting substrate mixtures with high amounts of HE and/or KR increased biogas yield, methane yield, and
synergy. This finding suggests that it is possible to effectively treat household HE and KR onsite to produce methane for cooking. The
61-day response surface model for synergistic effects predicted an antagonistic effect (SI < 1) only for the co-digestion setting where
the FLO fraction is higher than roughly 25 % or the combination of FLO and KR is greater than HE. In order to prevent the potential
antagonistic effect, it is recommended to keep the FLO and KR fractions in the substrate combination below 50 %. This study also
recommends that in setting up an anaerobic co-digestion system at the household level, the amount of HE should be kept relatively
higher (>50 %) than KR and FLO. This is because the higher the amount of HE, the more likely the digestion process would be stable
due to the ability of HE to provide a buffering support with its relatively high alkalinity compared to FLO and KR. Also, the high
biodegradability of R9 (78.8:11.8:9.4) depicts the ability of the microbial culture to convert the feedstocks in that particular mixing
ratio to biogas. Additionally, there is no need to add trace elements to the household biogas system because the household-generated
wastes have proven to contain sufficient amounts of trace element such as Zn and Ni that are very beneficial to methanogens.
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